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Objective: The calciﬁed cartilage layer is thought to be integral to force transmission between the
compliant articular cartilage (AC) above and underlying stiff bone. This study aims to determine how
such a stiffness gradient across the calciﬁed cartilage and bone changes with joint degeneration and how
different scalar levels of testing are correlated.
Method: Using a bovine model of early osteoarthritis (OA), multiple samples of calciﬁed cartilage on
subchondral bone (SB) from sixteen bovine patellae, displaying a range of cartilage states from intact
(healthy) to moderately degenerate, were tested using macroscopic three-point bending, microhardness
indentation, and nanoindentation. Mechanical properties were correlated to cartilage health and
microstructural morphometric measurements obtained from high resolution imaging using Differential
Interference Contrast (DIC) Microscopy.
Results: There was a signiﬁcant decrease in the moduli obtained from tests done at increasing scalar
levels. The macroscale average modulus obtained from three-point bending showed that the SB was 10
times stiffer than the calciﬁed cartilage in healthy tissue, 5 times in tissue displaying mildly degenerate
AC and 8 times with moderate degeneration. Microhardness testing of multiple points from the calciﬁed
cartilage to the SB revealed that there was a monotonic gradual increase in the mean modulus. The
moduli obtained from nanoindentation testing indicated that the SB was about twice the stiffness of the
calciﬁed cartilage.
Conclusion: The mechanical transition from calciﬁed cartilage to SB involves a graded continuum of
increasing material stiffness. This stiffness gradient is altered in association with early degenerative
change in the overlying AC, detectable only at the macro level.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
In articulating joints, between the hyaline cartilage and the
trabecular bone, are two important layers of tissue. These are the
zone of calciﬁed cartilage (ZCC) and subchondral bone (SB) plate,
both of which are believed to play a signiﬁcant role in load distri-
bution and support in the joint. It is argued that the SB, due to its
greater volume, is able to attenuate more of the joint loading forces
than the cartilage1,2. The ZCC is integral to force transmission be-
tween the compliant cartilage and the stiff bone3, this is assumed to
be a consequence of it providing an intermediate stiffness4, whichA. Thambyah, Department of
uckland, 20 Symonds Street,
3737599; Fax: 64-9-3737463.
(A. Thambyah).
ternational. Published by Elsevier Lcan theoretically minimise the shear stress at the boundary5. A
previous study has shown that the ZCC is about 100 times stiffer
than the overlying hyaline cartilage and 10 times less stiff than the
underlying bone4. Besides contributing to the stiffness gradient in
the soft-hard tissue junction, this ZCC may also act as a biochemical
barrier between the articular cartilage (AC) and the underlying
bone marrow6.
In the progression of osteoarthritis (OA), the SB plate displays
increased remodelling7e9 and advances into the calciﬁed
cartilage1,10e12 causing an increase in bone plate thickness11,13,14.
The bone fraction increases (bone mass/total sample vol-
ume)9,14,15 while the material density (bone mass/bone volume)
decreases16,17 due to the increased remodelling and newer, less
mineralised bone. The microstructure of SB is further altered in OA
as the metabolism of type I collagen increases18 and the quantity,
structure, and organisation of the collagen ﬁbrils change leadingtd. All rights reserved.
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strength19. Past studies using microhardness testing are conﬂict-
ing about changes in the bone material stiffness as a result of
degeneration, with no change found in one study20 and a decrease
in stiffness reported beneath OA lesions in another21. In using
nanoindentation, no change in stiffness was observed between OA
and controls14.
The calciﬁed cartilage in early joint degeneration advances into
the AC6,22,23 and develops duplicate tidemarks24; however, it is
unclear whether the material properties of this layer are also
changing. In healthy equine joints, in sites undergoing intense
loading, the ZCC has been shown to increase in mineralisation but
without any increase in modulus as measured by nano-
indentation25. Osteoarthritic femoral heads show no difference in
nanoscale ZCC stiffness relative to those from relatively healthy
post-mortem14. Additionally, little has been reported on differences
in mechanical properties across the span of the calciﬁed cartilage
region.
Reported changes in the ZCC and SB primarily relate to the late
stage of OA when cartilage is highly ﬁbrillated, eroded, or largely
absent (for example14). Thus there is very little knowledge of the
changes occurring during the earliest phase of the development of
OA. Deﬁning the early stage of OA is important as it presents op-
portunities for identifying the initiation or onset of the disease if
there is to be any hope of developing treatment, management, or
prevention strategies. This early stage has been deﬁned histologi-
cally as the progression of cartilage degeneration to surface ﬁbril-
lation or ﬁssuring into the middle zone but not yet to extensive
cartilage erosion26. In the ZCC and SB, and using a bovine model of
early OA, it has been shown that with mild to moderate AC
degeneration, the ZCC begins to thicken and bony spicules invade
the ZCC, advancing the cement line12,27.
The structural alterations that occur in early OA may be asso-
ciated with a combination of changes in material stiffness, apparent
density, and architecture changes which remain little explored in
the literature. Further, by relying on only one scale of mechanical
testing, many past studies fail to address the complex hierarchal
structural composition of the osteochondral tissues. Thus, a com-
bination of techniques at different length scales would be
required28.
The aim of this new biomechanical study was to determine the
changing microstructure and stiffness across the calciﬁed cartilage
and SB in early OA by utilising three scales of mechanical testing in
conjunction with tissue imaging and analysis.Methods
Sixteen patellae from mature cows displaying a range of carti-
lage ﬁbrillation corresponding to normal to moderate OA states27
were stored at 20C following slaughter. Due to the random
collection method, there exists a small possibility of selecting two
bilateral patellae. To categorise the gross extent of degenerative
change on the cartilage surfaces, they were stained with India ink
and graded macroscopically using the standard Outerbridge
system29.
From each of the sixteen patellae, one osteochondral block,
~16  20 mm, was sawn from the distal lateral region, the prev-
alent site of degeneration in this animal model27. Each block was
divided along its length into eight samples, each ~2 mm thick. Of
the eight samples from each patella, proceeding from distal to
proximal, one was used for microstructure and morphology, and
the remaining seven for mechanical testing: ﬁve for macroscopic
three-point bending and one each for microindentation and
nanoindentation.Microstructure and morphology
Samples for this arm of the study underwent chemical ﬁxation
in 10% formalin for 2 days and mild decalciﬁcation in 10% formic
acid for a further 2 days. Samples were then snap-frozenwith liquid
nitrogen, cryo-sectioned to obtain 30 mm sections, wet mounted in
saline onto cover-slipped slides, and imaged using differential
interference contrast (DIC) microscopy. Morphometric analysis was
performed on DIC microscopy images of the fully hydrated sections
using ImageJ software (v 1.47t, National Institutes of Health, USA).
The boundaries between the AC, the ZCC, and the SB, as well as the
details of the mineralisation lines in the ZCC are easily distin-
guishable in DIC for measuring total cartilage thickness, ZCC
thickness, and number of duplicate tidemarks. Degeneration of the
cartilage surface layer was graded from 0 to 4 with a new system,
described in the supplementary material.
For imaging the SB, sections were rinsed in hexane to remove
tissue within the bone prior to mounting on slides. Measurements
of the SB plate thickness and porosity of both the SB plate and the
subchondral trabecular bone were semi-quantitative. The SB plate
was demarcated from the underlying trabecular bone based on the
obvious difference in visual appearances of porosity23,30. Porosities
were calculated by segmenting the vascular spaces using Adobe
Photoshop CS5 and calculating the relative areas using ImageJ.
For standard histology, sample blocks were further decalciﬁed in
formic acid for at least 4 weeks, dehydrated in a series of graded
ethanol, embedded in parafﬁn, microtomed to 5 mm sections, and
stained with Safranin-O and Fast Green. Histological sections were
used to grade cartilage degeneration using the Osteoarthritis
Research Society International (OARSI) OA Cartilage Histopathology
Assessment System (OOCHAS) grade component31.
Mechanical testing
Macroscopic mechanical testing followed the three-point
bending protocol employed by Mente and Lewis4 of SB beams
and composite beams of calciﬁed cartilage and SB, see Fig. 1(B). The
Young's moduli of the calciﬁed cartilage and bone were calculated
using least-squares optimisation. See Supplementary 1 for details.
Testing faces of the samples for microhardness indentation and
nanoindentation were prepared by wet grinding, diamond polish-
ing, and rinsing in running water. Samples were then tested in their
fresh, blot-dried state under ambient conditions32. Indentation
testing was performed from the uppermost tidemark down to the
SB [see Fig. 1(C)].
Microhardness indentation was performed on the upper ZCC,
lower ZCC, upper SB, and lower SB averaged at 5 locations along
each sample using a Vickers hardness tester (M-400, Leco Corpo-
ration, St. Joseph, MI, USA). Blood vessels and marrow spaces were
avoided by at least 30 mm. Indentation diagonals were measured
and converted to Young's modulus to allow comparison with the
other testing methods, as described in Supplementary 1.
Nanoindentation was performed with a Berkovich tip using a TI
950 TriboIndenter (Hysitron Inc., Minneapolis, MN, USA). Scanning
Probe Microscopy was used to create surface topography images of
the indentation positions prior to testing. Approximately 10 in-
dentations were averaged in each the ZCC and SB regions over a
radial depth spanning 70 mm. A plane strain elastic modulus was
calculated from the loadedisplacement curve, as described in
Supplementary 1.
The use of the three mechanical tests employed in this study
was also validated on standard polypropylene as described in the
supplementary material. Supplementary Table 1 shows the values
calculated using each method. Our measured values were consis-
tent with those reported for polypropylene in the literature for
Fig. 1. (A) Macroscopic view of the osteochondral junction. The AC, zone of calciﬁed
cartilage (ZCC), and SB are clearly visible. (B) Three point bending rig submerged in a
saline bath. The beams are loaded in the physiological loading direction with the
calciﬁed cartilage on the top. The supports are 12 mm apart, beams average 16 mm in
length. (C) Microindentation of calciﬁed cartilage and SB. Indentations (white arrows)
were performed in the upper and lower ZCC and the upper and lower SB plate. Scale
bar 100 mm.
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(s6).
All data were analysed for statistically signiﬁcant differences
between groups using non-parametric ManneWhitney U-tests or
the KruskaleWallis one-way analysis of variance and between re-
gions in a sample using Wilcoxon signed-rank tests with SPSS v.20
(Chicago, IL, USA). Correlations were analysed with the Pearson's
productemoment correlation coefﬁcient. P-values not reaching
signiﬁcance (P > 0.05) were not indicated.
Results
Using the Outerbridge grading system the 16 patellae yielded six
G0 (intact), four G1 (mildly degenerate), and six G2 (moderately
degenerate) samples. OARSI scores signiﬁcantly increased between
Outerbridge grade G0 and G2 (Table I) and OARSI and Outerbridge
grades were signiﬁcantly correlated (P < 0.0001, r ¼ 0.804). The
OARSI scores for the 16 samples ranged from 0 to 4.5 as shown in
the representative histology sections (Fig. 2). Of these, six had
scores ranging 0e1, four had scores 2e3, and the remaining had
scores 4e4.5, consistent with the Safranin O staining intensity
showing progressive cartilage degeneration (Fig. 2). The cartilage
staining ranged from a slight reduction in intensity in the surface
layer [Fig. 2(B)] to extensive loss extending to the deep zone
[Fig. 2(E)].
The DIC images in Fig. 3 show representative samples of each of
the Outerbridge grades. The morphometric measurements ob-
tained from the DIC images (Table I) show a signiﬁcant difference in
the degree of cartilage surface degeneration and the number of
duplicate tidemarks between groups. However, there were no sig-
niﬁcant changes in total cartilage thickness or ZCC thickness be-
tween groups. The porosity measurements indicate that the
underlying trabecular bone was about 4 times more porous than
the SB plate (Table I) but the porosity did not vary signiﬁcantly
between groups.
The three-point bending data showed signiﬁcant differences
between the moduli obtained from the pure SB beams and those
derived from the ZCC-on-bone composite beams [Fig. 4(A)]. The
pure SB beams yielded more consistent measurements across the
grades of degeneration and the moduli were about half of those
obtained from the composite beams. There were no signiﬁcant
differences in the mean Young's modulus of the SB or ZCC between
grades of degeneration [Fig. 4(A)]. However, there were signiﬁcant
differences between the moduli of ZCC and SB [Fig. 4(A)]. This
difference, when represented as a ratio of SB modulus to ZCC
modulus, also varied signiﬁcantly across grades of degeneration
such that in G0 samples the ratio was approximately 10, G1 z 5,
and in G2z 8 (Table II).
Data from the microhardness indentation tests were used to
calculate a Young's modulus from the upper ZCC down to the lower
SB plate [Fig. 4(B)]. There was a monotonic increase in the mean
modulus from the ZCC to SB such that the mean modulus in the
lower bone plate showed an apparent 50% increase compared to
that of the upper calciﬁed cartilage. However, the differences be-
tween degenerative groups were not signiﬁcant.
The moduli obtained from the nanoindentation tests indicate
that the SB was about double the stiffness of the ZCC [Fig. 4(C)]. The
nanoscale modulus of the SB was signiﬁcantly less in the G1 group
compared to the G0 and G2 groups.
Comparing data across scales from macro to micro to nano,
there were signiﬁcant differences in the moduli obtained. For all
groups there was a decrease in the modulus obtained in pro-
gressing from the smaller to the larger scales. For example, taking
the G0 group data, the macroscale modulus of the ZCC was over 7
times smaller than the microscale modulus, and 14 times smallerthan that of the nanoscale (Fig. 5). Similarly for the SB the macro-
scale modulus was 1.4 times and 2.9 times smaller than those ob-
tained from the micro and nanoscales respectively.Discussion
This study appears to be the only one to have repeated the
three-point bending test protocol for ZCC and SB as employed in the
methods of Mente and Lewis4. The test yielded SB moduli for
healthy bovine specimens in the same range as that the previous
authors reported4. Other macroscopic mechanical testing methods
reported similar stiffness values: 1.37 GPa for human femoral heads
using shell theory34, 3.06 GPa for human tibial plateaus using plate
bending35, and 1.15 GPa for human tibial plateaus tested on a much
Table I
Morphometric measurements from DIC images. Mean ± 95% conﬁdence interval.*P ¼ 0.004,**P ¼ 0.041,yP ¼ 0.01,yyP ¼ 0.002.
Fig. 2. Saf O and Fast Green stained sections showing progressive cartilage degeneration. OARSI scores A) 0, B) 1, C) 2, D) 3, E) 4, and F) 4.5. Staining intensity: A) no reduction, B)
slight reduction in the surface layer, C) moderate reduction extending down to the mid zone, D&E) relatively extensive reduction into the deep zone, F) no staining except in the
deep zone, with severe tissue loss. Scale bar 0.5 mm.
Fig. 3. DIC images of representative samples from the G0, G1, and G2 groups. A) Cartilage, calciﬁed cartilage, and SB plate. Scale bar 1 mm. B) Magniﬁed view of the calciﬁed
cartilage of the samples in A showing the trend of increasing duplicate tidemarks (*) with degeneration and bony spicules (arrows) visible in all samples. Scale bar 200 mm.
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Fig. 4. (A) Calculated Young's Modulus4 using data from 3-point bend testing. The ﬁrst
series derives SB modulus (ESB) from SB only beams while the latter two series
calculate ESB and calciﬁed cartilage modulus (EZCC) from tests of composite ZCC on SB
beams. Solid horizontal lines with asterisks indicate signiﬁcant differences between
sets of data: i.e., ESB from composite beams vs ESB from pure beams and vs EZCC. There
were no signiﬁcant differences between degenerative groups G0, G1, or G2.
*P < 0.001(B) Young's Modulus calculated from microhardness testing33. Solid hori-
zontal lines with asterisks indicate signiﬁcant differences between regions tested.
There were no signiﬁcant differences between groups. **P ¼ 0.03 (C) Plane strain
elastic modulus calculated from nanoindentation testing. Solid horizontal lines with
asterisks indicate signiﬁcant differences between regions tested. Dashed lines indicate
signiﬁcant differences between groups. ***P ¼ 0.001, yP ¼ 0.038.
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signiﬁcant difference in the SB modulus between bone-only and
composite beams, Mente and Lewis4 also reported a similar dif-
ference. They attributed this difference to the inﬂuence of struc-
tural features on the modulus, including the density and placement
of voids, the irregularity of the cement line, the mineralisation of
the tissues, and the directionality of the collagen network4. Mente
and Lewis also reported that the SB modulus was about 10 timesstiffer than the ZCC in their healthy tissue4 and this compares
favourably with the stiffness ratio for the G0 (healthy) samples in
the present study (see Table II).
The microhardness and nanoindentation moduli values ob-
tained for our hydrated samples are considerably lower than pub-
lished values similarly obtained from SB and calciﬁed cartilage
samples but tested in dehydrated, coated, and/or embedded
states14,37,38. Such differences are important to note as our aimwas
to study these calciﬁed tissues in their hydrated state to more
closely model their behaviour in vivo.
The gradual increase in material modulus from the upper
calciﬁed cartilage to the lower SB plate [Fig. 4(B)] may be attributed
to an increasing level of mineralisation14. This gradient of miner-
alisation suggests an on-going advancement of the calciﬁed carti-
lage into the overlying AC and may result from the repeated
diffusion of calciﬁcation from the underlying SB through to the
uppermost tidemark of the calciﬁed cartilage, as evidenced by the
duplication of tidemarks39. Functionally, this gradient probably
contributes to smoothing the transition from the compliant AC to
the bone.
Comparison of moduli obtained at different scalar levels
While there have been studies of mechanical and structural
changes in the SB with OA7e21, we believe this to be the ﬁrst study
to consider the changes in the calciﬁed tissues as measured with
three scales of mechanical testing. The three-point bending tests
aimed to provide information regarding the macroscopic me-
chanical properties of the integrated joint tissues which would be
relevant for assessing the effects of whole-joint loading. The
microhardness indentation testing was aimed to mechanically
assess the intermediary structural organisation that would other-
wise have been averaged in the macroscale three point bending
tests. These include microstructural regions such as the minerali-
sation fronts of the calciﬁed cartilage layer, lamellae of trabecular
bone, and Basic Multicellular Unit (BMUs)40. The nanoindentation
testing, though not small enough to test the individual components
of the materials such as the collagen ﬁbrils and mineral platelets,
allows for the mechanical testing to go beyond the microscale and
thus continue assessing further the material properties without the
effects of structural inhomogeneities (such as voids and cells) found
at the microscale test.
The signiﬁcance of the three scalar levels of mechanical testing
is to acknowledge the complexity of the hierarchical structure of
the calciﬁed cartilage and bone from the molecular level up to the
joint level. In addition, we hope to elucidate the mechanical tran-
sition across these scalar levels especially in relation to the known
way inwhich mineralisation and bone remodelling occurs from the
molecular to the microstructural and up to the joint levels of tissue
organisation14,41. The trend of decreasing modulus with increasing
scale (Fig. 5) is consistent with the relatively few studies that have
examined the mechanical properties of bone across different
scales42e44 as well as the validations tests conducted on poly-
propylene (See Supplementary Table 1).
In light of previous studies performing either nanoscale testing
showing that the ZCC and SB are very similar in stiffness38,45 or
macroscale tests showing nearly an order of magnitude difference
in stiffness between these tissues4, the present study would appear
to be the ﬁrst to conﬁrm this difference across all scales within a
given sample set. Considering the ratio of SB to ZCC modulus, our
macroscopic testing showed a 4e10-fold difference while micro-
indentation and nanoindentation showed only a 1e2-fold differ-
ence (Table II). Further, considered individually, both the SB and
ZCC show approximately double the stiffness on the nanoscale
compared to the microscale (Fig. 5) and this may be explained by
Table II
Ratios of SB stiffness to calciﬁed cartilage stiffness across the three testing methods and degenerative grades. Mean ± 95% conﬁdence interval.*P ¼ 0.019.
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homogeneities compared to nanoindentation. Material in-
homogeneity in the tissues tested at different scales will have the
potential to inﬂuence the material property measurement. In the
macro three-point bending test, material inhomogeneities such as
pores, blood vessels, marrow spaces, and irregularities of the
cement line (such as bony spicule intrusions12) are likely to reduce
the value of the average stiffness obtained.
The difference between the macro and microscale stiffness of
bone may be explained by its structural inhomogeneity. But inter-
estingly, the stiffness difference between the macro and micro-
scales for the ZCC is even larger than that for bone despite the fact
that the ZCC is relatively homogenous. This difference may be
explained by the fact that the microscale stiffness was derived from
a direct measurement while the macroscale stiffness was derived
indirectly by an optimization procedure. The assumption of a reg-
ular laminate composite structure between the ZCC and SB in this
optimization procedure would further contribute to this difference.
Further, the direction in which the load is applied in the macro vs
the micro and nano tests is, of course, different, and may contribute
to the stiffness variation between scales.Fig. 5. Comparison of moduli obtained from the three different testing methods, nano
(nanoindentation), micro (microhardness indentation), and macro (3-point bending).
Data used here is from the G0 (intact) group. Signiﬁcant differences (*P ¼ 0.028) be-
tween moduli measured across different scales are shown by the black horizontal lines
for zone of calciﬁed cartilage (ZCC) and grey for SB. Dashed lines indicate signiﬁcant
difference within scales between moduli of ZCC and SB.Effects of early degeneration
The morphometric data shows an increased number of tide-
marks with early degeneration but with no signiﬁcant change in
ZCC thickness (Table I). This indicates that while the calciﬁed
cartilage front is advancing radially any consequent increase in
calciﬁed cartilage thickness is countered by a simultaneous advance
of the cement line. Evidence for this paired advance of the upper-
most tidemark and cement line is demonstrated ﬁrstly by the
pattern of increasing stiffness from the upper to lower SB plate as
measured with microindentation e newly formed bone is less
stiff46. Secondly, the observation of bony spicules in the ZCC
[Fig. 3(B)] is entirely consistent with an actively advancing cement
line12,27.
This bone advancement at the cement linewould be expected to
cause thickening of the SB plate as is commonly seen in more
advanced OA11,13,14. However, thickening of the bone plate is not
always observed47,48, and in the present study the absence of this
feature may be due to the samples being only mildly degenerate
(Table I). In this early stage, cement line advancement may be
occurring in combination with resorption of the lower bone plate
thus resulting in little change in overall bone plate thickness15.
Measured with microhardness and nanoindentation, the stiff-
ness ratio between SB and ZCC showed no signiﬁcant change with
early degeneration (Table II). Conversely, the macro tests indicated
that this stiffness ratio decreased from ~10 in the G0 samples to ~5
in the G1 samples, but increased again in the G2 group to ~8
(Table II). It is possible that at the macro level, structural changes in
the newly advanced ZCC and bone plate occur without alterations
in the material properties at the micro and nano levels.
Finally, our data show that changes in themechanical properties
of the ZCC and SB occur in the relatively early stages of OA during
which the overlying cartilage has remained largely intact. This is
clearly indicated by the OARSI scores in the present study averaging
2 for the G1 samples and 3.5 for the G2 samples (Table I). Given that
these scores are well below the histologically signiﬁcant threshold
of SB change found in OARSI grades 5 and 631, we suspect that
subtle bone changes involved in the very early stages of joint
degeneration may have been largely missed in previous biological
descriptions of OA initiation and progression26.
Limitations
Each of the three testing methods used in this study has its own
unique set of limitations, especially when performed on a notori-
ously difﬁcult region to access such as the ZCC. Three-point bending
assumes that the material is isotropic, homogeneous, and linear
elastic; none of these assumptions are satisﬁed by our test speci-
mens. Bending theory applied to laminate composites requires a
uniform thickness which is not satisﬁed by the highly irregular
cement line boundary. Both indentation tests were performed
perpendicular to the direction of loading thus neglecting the po-
tential effects of anisotropy. Microhardness indentation measures
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three-point bending and in nanoindentation; this type of defor-
mation is not commonly seen in normal loading conditions of the
calciﬁed tissues and presents difﬁculties when comparing
measured values between methods. Nanoindentation assumes that
the tested material is isotropic, homogeneous, and has a mathe-
matically ﬂat surface25,42, conditions that are clearly not met.
Further, the Berkovich indenter used in this study is intended for
hard engineering materials rather than the less hard calciﬁed
cartilage and bone49. Nanoindentation inevitably disregards the
effects of structural hierarchy above the nanoscale38. It also tests
‘blind’ such that it is unknown with each indentation whether a
ﬁbril, mineral platelet, cell, or structural boundary is being
encountered. To counter the effects of the above experimental
limitations, the present study of 16 patellae relied on performing all
tests in a consistent manner with extensive repetition (approxi-
mately 1,000 individual tests, see Supplementary material for de-
tails). This, when combined with the structural analysis then allows
the mechanical data to be used as a means of comparing between
degrees of tissue degeneration. A ﬁnal point is with regards to
whether the observations in this study were obtained from
dependent vs independent samples, and namely if any two samples
came from the same animal (for example left and right knees).
While that information is not known absolutely, there are sufﬁcient
levels of conﬁdence that the tissue was randomly sampled (see
Supplementary Materials-section on Tissue Source) to allow for the
reasonable assumption that the data were indeed independent.
To conclude, there is an increasing material stiffness from the
calciﬁed cartilage to the SB. This stiffness transition varies between
macro, micro, and nanoscales of testing, and this transition is
altered in early OA but is detectable only at the macro-level. These
changes are potentially relevant to the mechanobiological state of
the osteochondral junction and should be considered across all
scales for any rigorous modelling of the osteochondral junction.Author contributions
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